
Standard Fonn 298 (Rev. 8 98)
Prescribed by ANSI Std. Z39.18

REPORT DOCUMENTATION PAGE I
Form Approved

OMB No. 0704-0188
PublIC reportlng buroen lor this collection of information is estimated to average 1 hour per response, including the lime lor revieWIng instructions. searching existing data sources. gathering and
maintaining the data needed, and completing and reviewing this collection of Information. send comments regarding this burden estimate or any other aspect of this collection of information, induding
suggestions for reducing this burden to Department of Defense, washington Headquarters services, Directorate for Information Operations and Reports (0704.0188), 1215 Jefferson Davis Highway, Sulle
1204, Mlngton, VA 22202-4302. Respooclents should be aware that notwithstanding any other provision of law, no person shall be subject to any peoslty for failing to comply with a collection of
information if it does not dimiSI! I currentlv valid OMS cootrol number. PLEASE 00 NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) I2. REPORT TYPE 3. DATES COVERED (From - To)
26 Februarv 2009 Journal Article 18 Seo 08 -15 Oct 08
4. TITLE AND SUBTITLE Sa. CONTRACT NUMBER

In-House

Silicon Plasmonic Waveguides for the Infrared and Terahertz Regions 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER
61102F

6. AUTHOR(S) 5d. PROJECT NUMBER
2305

Richard Soref, Walter Buchwald, 'Robert E. Peale, and 'Justin Cleary 5e. TASK NUMBER
HC

Sf. WORK UNIT NUMBER
01

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT

Optoelectronic Teclmology Branch, Air Force
Research Laboratory, AFRURYHC, 80 Scott Drive,
Hanscom AFB, MA 01731; , Physics Departmeot,
University of Central Florida, Orlando, FL 32816

9. SPONSORING I MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S
Electromagnetics Technology Division Source Code: 437890 ACRONYM(S)

Sensors Directorate AFRL-RY-HS

Air Force Research LaboratorylRYHC
80 Scott Drive 11. SPONSORIMONITOR'S REPORT

Hanscom AFB MA 01731-2909 NUMBERCSI
AFRL-RY-HS-TP-2009-0003

12. DISTRIBUTION I AVAILABILITY STATEMENT
Approved for public release; distributioo unlimited.

13. SUPPLEMENTARY NOTES
The U.S. Governmeot is joint author of this work and has the right to use, modify, reproduce, release, perfonn, display, or disclose the
work. Published in Optical Society of AmericalFiOILSIMETNOF&T © 2008. Cleared for Public Release by 66ABW-2008-0232.

14. ABSTRACT

Silicon-based plasmonic waveguides are proposed and studied theoretically. A silicon core, silicide underlay. and metal overlay yield
propagatioo losses estimated to be less thao 15 em-lover the 50 11m to 1000 11m wavelength range.

15. SUBJECT TERMS
Surface plasmons, Plasmonics, Guided waves, Metamaterials, Integrated optics materials.

16. SECURITY CLASSIFICATION OF: 17.L1MITATION 18.NUMBER 19a. NAME OF RESPONSIBLE
OF ABSTRACT OF PAGES PERSON Richard Soref

a. REPORT b. ABSTRACT c.THIS PAGE 19b. TELEPHONE NUMBER (include

Unclassified Unclassified Unclassified SAR 3 area code)

oJa
-



© 2008 OSA I FiOILS/METNOF&T 2008

MTuD7.pdf
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Terahertz Regions
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Abstract: Silicon-based plasmonic waveguides are proposed and studied theoretically. A
silicon core, silicide underlay, and metal overlay yield propagation losses estimated to be less
than 15 em-lover the 50 ~m to 1000 ~m wavelength range.
'02008 Optical Society of America
OCIS codes: (240.6680) Surface plasmons; (250.5403) Plasmonics; (31 O,2790) Guided waves;
(160.3918) Metamaterials; (160.3130) Integrated optics materials.

1. 1ntroduction and Background

Although plasmon waveguides have been proposed for optoelectronic applications, acceptance has
been hampered by the difficulty of simultaneously achieving tight confinement and low loss. Promising
solutions proposed include the insulator-Metal-insulator, (iMi), and the Metal-insulator-Metal, (MiM) [1]
waveguide geometries. In particular, the MiM structure is used to improved field confinement in the sub
wavelength cavity geometries of quantum cascade lasers, and the asymmetric "long range surface plasmon"
(LRSP) mode of the iMi waveguide achieves relatively low loss with relatively tight confinement [2,3].
Beyond waveguides, both active and passive plasmonic elements enhance emission and detection in III-V
compounds, and more recently they have been proposed for group IV photonic integrated circuits [4]. The
latter consideration motivates the present paper, which investigates plasmon waveguides for CMOS
compatible metal silicides, such as Pd2Si, NiSi, PtSi2, WSi2 and CoSi2•

Our recent study of simple Pd2Si tracks on Si in air [5] suggested that, compared with noble
metals, silicides offer plasmon waveguide solutions at -twice lower frequencies. This observation was
based on ad hoc criteria for acceptable loss at high frequency and confinement at low frequency. Shifts to
infrared frequencies, and the use of silicides, have a number of applications and advantages. Lower
plasmon frequencies are more easily generated in two-dimensional structures such as FETs, impacting the
field of active plasmonics [6]. Our calculations based on new pemlittivity data for silicides [7] show that
efficiency of plasmon excitation in them by electron beams, e.g by nano-scale field emitters, remains high
farther into the IR than for noble metals. We also find experimentally that optical generation of IR surface
plasmons at gratings is significantly more efficient for silicides than for noble metals, an effect understood
theoretically as resulting from higher surface impedance [8].

This work extends upon reference 5 by considering the case when the dielectric is Si, rather than
air, since the high index improves confinement by nearly 4x. In addition, results for double-sided MiM
waveguides are presented, where the confinement is fixed by the separation between conductors. The
motivation is two-fold: a desire to utilize CMOS compatible processes and an emphasis on IR to enable Si
based plasmonic electronic integrated circuits (PEIC's) with electronic plasmon generators and detectors.
Our results indicate that the SiIPd2Si waveguides of this work have acceptably low loss and sub-wavelength
confinement in the 50 ~m to I000 ~m free-space wavelength range (0.3 to 6.0 THz).

2. Experiment and Discussion

Figure I(a) and I(b) present metal insulator (Mi) and MIM plasmon waveguide respectively. In
each, the dielectric at the interface where the plasmon propagates is Si rather than air, and the bottom
conductor is Pd2Si. For the Mi structures, the lie propagation length, i!.. along the Z direction, and the lie
penetration in the Y
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Figure J: (a) Mi plasmon waveguide o/this work/armed/rom Pd~i/SiQnd an MiM Si core plasmon
waveguide bounded by either Pd2Si or a noble metal

direction, LD , or Lc , calculated from the permittivity [7J, are plotted in Figure 2, Subscripts 0 and C refer
to the dielectric (here Si) and the conductor (Au or Pd,Si). Our ad hoc criteria are that the mode should be
confined vertically to less than -3x the free-space wavelength A and the propagation distance .e should be
3tleast lOx the SPP wavelength. Thus, we find that the Mi waveguide formed at the interface between Si
and Pd,Si, is useable from 12 11m out to 200 11m wavelength. At this long-wavelength limit, the
propagation loss is found to be 0.6 em-I, or -3 dB/ern.

For the MiM waveguide, the loss can be calculated from [9] u,. ~ 2"n"Y/[A€' In(ni + €,)312]
where E' and E" are the real and imaginary components of the conductor permittivity respectively and I1d is
the dielectric refractive index (3.41 for Si). Figure 3 plots MiM waveguide loss for the three waveguide
geometries, Au/Si/Au Pd,Si/Si/Au and Pd,Si/Si/Au. The double-gold MiM structure has the lowest loss
while the loss of the double-Pd2Si MiM is about 42x higher. Processing considerations favor a MiM
structure with a buried silicide followed by deposition of a top CMOS metal to form the Pd,SilSi/Au
geometry. This structure is seen to have a loss value that falls bet\veen the other t\vo extremes. We note that
the total propagation loss also must include the intrinsic material loss aim due to phonons and free carriers.
Using, aim = 41tKlA, with K the extinction coefficient, we have detennined aIm as a function of A for
intrinsic crystalline silicon. Taking the overall loss in Figure 3 to be Otou.l = aim + 0.5 Upl (one silicide) +
0.5 a,,1 (one gold), we find a.~1 < 15 cm·1over the 50 11m to 1000 11m wavelength range (0.3 to 6 THz).
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Figure 3: Loss components l2tm and a", of(he fotal propagation loss 0/the MiM
silicon-core plasmon waveguide in the far infrared and THz

4. Conclusions

We note a fundamental difference between Mi and MiM type wave guides. The propagation
losses of the Mi waveguides continuously decrease as the frequency decreases, because the mode expands
morc and more into the low loss dielectric. However, this loss of confinement also limits the practical
interest in this type of waveguide to wavelengths shorter than (our criterion) A = Lel3, which for Pd2Si
turns out to be 200 J..lrn. In contrast, for the MiM waveguide geometry, the loss tends with decreasing
frequency to a constant (Fig. 3), as seen directly from the expression for 0,,1, where E'7 constant and E"
goes as 1/00 at low frequencies, while confinement is fixed by the height of the device. However, this
constant limiting loss value for the MiM geometry is more than an order of magnitude greater than for the
Mi structure.

To conclude, modeling results have been obtained for Si-based CMOS-compatible silicon
plasmonic channel waveguides (both MiM and Mi geometries) that operate in the far infrared and THz
regions. The overall propagation loss of the Pd2Si/SiJAu MiM waveguide is estimated to be less than 15
cm·1 (or 65 dB/mm) over the 50 I'm to 1000 I'm wavelength range. The SilPd,Si Mi structure has a 4.5 I'm
to 200 I'm practical range. We infer that group IV heterostructures like the Ge/SiGeSn MQW quantum
cascade can be used for the dielectric core. We also believe that the strip-like group-IV dielectric can be
shaped via photolithography and used to construct integrated and practical waveguide bends, splitters.
combiners, couplers and active modulators on a silicon chip.
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